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though the measurements were carried out under speciﬁc
conditions slow-ﬁeld stress and short period of timed, these
results gave the impression that space-charge effect under ac
conditions is not an issue to be concerned with despite new
evidences emerging slowly indicate the effect of space
charge on electrical deterioration of the insulating polymers.
It is believed that under ac conditions the changes in polarity
every half cycle limits the time charge can accumulate when
ac frequency is greater than 0.01 Hz. However, if the applied
ﬁeld is high enough and the duration of the voltage applica-
tion is long enough a small fraction of injected charge can be
trapped. Indeed, work using other measurement
techniques
22–24,27,28 demonstrated the presence of space
charge in polymeric cable insulation materials under ac con-
ditions. Due to the recombination of majority of electrons
and holes alternatively injected each half cycle at 50 Hz,
29
little quantitative charge distributions were presented. The
study of space charge at 50 Hz at high temperatures using
thermal step method
30 revealed that after 14 days aging at
40-kV/mm rms a signiﬁcant amount of charge has been ac-
cumulated in the samples. The amount of charge depends on
both materials and temperature. Based on our
investigation
31,32 under dc stressing conditions, the electrode
materials play an important role in the formation of space
charge in polymeric insulation; different electrode conﬁgura-
tions could be another factor contributing to the inconsis-
tency in literatures for ac space charge.
This paper reports on space-charge measurements on
200-µm-thick low-density polyethylene sLDPEd using the
pulsed electroacoustic sPEAd system. Samples were sub-
jected to 50-Hz ac electric stresses up to 50-kV/mm rms at
room temperature for a period of more than 50 h on some
occasions. The accumulation of space charge at various times
after ac aging was monitored. In addition, the effect of elec-
trode materials under ac condition has also been studied.
Aged samples were analyzed using Raman microscopic tech-
nique which revealed little chemical change taken place in
the material. The charge behavior after ac aging was further
studied by applying a dc ﬁeld. The results clearly demon-
strate that the charge dynamics change remarkably after ag-
ing. Finally, the possible inﬂuence of the accumulated charge
on the long-term performance of the material has been dis-
cussed.
II. EXPERIMENTAL DETAILS
A. Sample details
LDPE was chosen initially because of its relatively
simple chemical structure and its wide applications in cable
insulation. Space-charge formation in a material is greatly
affected by the presence of impurities and additives as they
can act either as ionizable centers under a high electric stress
or as trapping sites. In order to reduce the inﬂuence of the
impurities, additive-free LDPE was selected for the present
study. The thickness of the sample was typically ,200 mm
thick. The diameter of the sample is 50 mm. Sufﬁcient
samples were prepared to eliminate the variation from batch
to batch. In the case of gold electrodes, Au electrodes with a
diameter of 10 mm were coated on both sides of the sample
using the Edwards sputter coating unit.
B. ac electrical aging
ac electrical aging was carried out at ambient tempera-
ture for various times at different applied electric stresses
while a majority of the samples were stressed at 50-kV/mm
rms. The values for ac electric stress in this paper are root-
mean-square srmsd values unless other stated. In order to
prevent from ﬂashover the top brass electrode was cast in
epoxy resin. The brass electrode was manufactured from al-
loy rod sCu58/Zn39/Pb3d purchased from GoodFellow. The
bottom electrode was semicon, made of polyethylene loaded
with carbon black sapproximately 40% by weightd to in-
crease its conductivity sapproximately 0.5 S/m at room tem-
peratured. This type of semicon material is commonly used in
high-voltage polymeric power cable to eliminate electric
stress enhancement and void formation between insulation
and metallic electrode. A typical sample and ac aging testing
circuit are shown in Fig. 1.
C. PEA technique
The space-charge measurements were taken using the
PEA system, which has a pulse width of 5 ns. The sensor
used was a 9-µm-thick LiNbO3. A constant pressure was
maintained during the measurements. The principle of the
PEA technique for plaque and cable geometry is well docu-
mented in literature.
33–35 To summarize, acoustic waves are
produced at charge layers at both electrodes and internal
charge when an electrical pulse is applied to a sample. The
acoustic signals are then detected by a piezoelectric sensor.
Through a deconvolution technique and calibration, a quan-
titative description of charge across the sample can be ob-
tained. The spatial resolution of the system is determined by
the pulse width and sensor thickness. A signal processing
algorithm has been employed to recover the signal.
36 In our
PEA system for plaque geometry the resolution is less than
10 µm which is considered adequate in the present study.
D. Chemical analysis
It is well known that long-term aging can cause chemical
changes which subsequently deteriorate the electrical perfor-
mance of the material. High electric stress can accelerate the
processes of deterioration. Infrared sIRd and Raman spectra
FIG. 1. Schematic diagram of the sample and ac aging test.
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same conditions as those mentioned earlier. Space-charge
distributions after the removal from the aging were measured
and the results are shown in Fig. 6. Clearly, there was much
less charge accumulated in the bulk of the sample in com-
parison with those aged with brass and semicon electrodes,
indicating the signiﬁcant inﬂuence of electrode material on
charge formation in the bulk. It is also interesting to notice
that the polarity of the charge is positive in nature.
C. Space-charge characteristics under dc voltage
In order to explore the possible effect brought in during
the ac aging, space-charge dynamic characteristics under dc
stress were also investigated. The sample was aged at 50
kV/mm with brass and semicon electrodes for 40 h before it
was removed from ac aging for dc stressing. The same dc
stress level as ac aging stress, i.e., 50 kV/mm was applied to
the aged sample. For comparison reason, charge dynamics in
an unaged sample were also measured. Both charge accumu-
lation during stressing and charge decay after the removal of
dc stress were monitored. The electrodes used for applying
dc were semicon as the anode and aluminum as the cathode.
The charge dynamics were complex and there was a sig-
niﬁcant change in charge distribution during the application
of dc voltage. The detailed analysis of the results is in itself
a separated issue and will not be presented here. In this paper
only the total absolute amount of charge in the material is
considered. The characteristics of the amount of charge
formed in the bulk in the aged and unaged samples are very
different as shown in Figs. 7 and 8 where the total charge
accumulated in the samples under dc voltage is plotted as a
function of dc stressing time for voltage on and decay time
for voltage off, respectively.
From Fig. 7 it can be seen that the difference in the two
samples is obvious during dc stressing period. The amount of
charge in the ac aged sample increases with the duration of
dc voltage application and then approaches to saturation. The
amount of charge in the unaged sample increases rapidly at
the beginning and reaches to its peak at ,15 min. After that,
the amount of charge in the bulk starts to decrease and be-
comes stable in about 4 h. Although the amount of charge at
the early stage of dc stressing is signiﬁcantly higher than the
aged samples, the ﬁnal amount after4hi scomparable with
the aged samples.
The total amount of charge as a function of time after the
removal of the applied dc stress is shown in Fig. 8. Again
there is a distinct difference in charge decay for aged and
unaged samples. For aged sample the amount of charge re-
FIG. 5. Total charge in ac aged sample vs the applied ac stress.
FIG. 6. Effect of Au electrode on charge accumulation in ac aged samples.
FIG. 7. Charge accumulation under 50-kV/mm dc electric stress.
FIG. 8. Charge decay in ac aged and unaged samples after the removal from
dc electric stress.
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aged sample there is a signiﬁcant decrease in the ﬁrst 15 min
followed by a slow decay. The ﬁnal amount of charge after
3-h decay indicates much less charge presence in the unaged
sample.
The ﬁnal charge distributions after the removal of dc
stress for unaged and aged samples are illustrated in Fig. 9.
In the case of ac aged sample, the charge distribution is more
symmetric, i.e., similar amount of charge with negative
charge adjacent to the cathode and positive charge to the
anode. For unaged sample, more negative charge was formed
adjacent to the cathode. It is evident that the charge distribu-
tion in aged sample changes little and this behavior is similar
to that observed straightly after ac aging without any dc bias.
In contrast, the charge in the unaged sample disappears rap-
idly after the removal of the applied voltage.
D. Chemical analysis
Under the inﬂuence of electric stress, chemical changes
may take place. Both infrared sIRd and Raman spectra have
been used to measure chemical changes in LDPE. There is
no signiﬁcant change in the IR spectra therefore it is not
shown here. Figure 10 depicts the Raman spectra of LDPE
prior to and after ac aging tests.
There are no signiﬁcant changes that occurred in the
sample aged for 45 h. The possible explanation is that the
period of stressing time is too short. However, in the Raman
spectra before and after aging, there is a slight rise in back-
ground which is caused by ﬂuorescence. Recent investiga-
tion into electrical tree in polyethylene
37 reveals that the
ﬂuorescence is due to partial degradation of the polymer. It
must be stated that the rise in background is no way near to
those observed in a treeing region.
IV. DISCUSSION
The mechanisms of charge formation and its inﬂuence
on the electrical performance of polymeric insulation are of
technological importance. Despite the increasing body of
evidence of space-charge presence under ac electric ﬁeld in
polymer insulation, the mechanism of charge generation and
accumulation and its correlation with electrical aging under
ac stress is still poorly understood. The results in Ref. 26
revealed that the frequency of the applied voltage plays a key
role in the formation of space charge in polymeric insulation,
while the study in Ref. 30 indicated that the space charge in
the bulk of the sample aged under ac conditions at 40-
kV/mm rms for 14 days is related to polymeric materials and
the amount of charge depends on temperature. The electrodes
used for study in Ref. 30 were graphites. Our results clearly
demonstrate that the level of the applied voltage, the duration
of the voltage application, and electrode materials are also
important in determining the charge formation and its dy-
namics. Since additive-free LDPE was used in the present
study, the impurities and their effect on space charge there-
fore should not be a major factor in the charge generation.
Space charge accumulated in the sample can be directly at-
tributed to the charge injection at the dielectric and electrode
interface. This conclusion has also been proven by the ab-
sence of space charge when the sample was coated on both
sides with gold electrodes. It has been revealed that gold
electrode has low charge injection ability
31 because of its
high work function. When the same level of electric stress is
applied to the sample, much less charge is observed in the
case of gold electrodes, as shown in Fig. 6. It would show
the similar charge distributions if the impurities were a domi-
nant factor in charge formation. In fact, a small amount of
positive charge was observed. This is consistent with our
previous results.
31 Different conﬁgurations of electrode ma-
FIG. 9. Charge distribution at different times after the removal from 50-
kV/mm dc electric stress for 4 h sad unaged sample and sbd ac aged sample.
FIG. 10. Raman spectra of ac aged and unaged samples.
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